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Abstract 
To monitor and analyze the effectiveness of new cleaning formulations, using a combination of ionic liquids ([BMIM] [BF4] 
and [EMIM] [EtSO4]) and enzymes (three different proteases E.C.3.4.), we adopted a novel multi-scale non-invasive 
approach based with different instruments: the stereomicroscope (SM), the optical microscope (OM) with visible and 
fluorescence light, atomic force microscope (AFM) and scanning electron microscope (SEM).  
The combinations of these techniques allowed an extensive and complete characterization of the surface materials and were 
successfully applied for monitoring the cleaning process. Although the results showed in this work were obtained for this 
specific treatment, of removing proteinaceous varnish layer from documented reconstructions, it was demonstrated that the 
AFM monitoring protocol can be widely applied on everyday situations in the conservation science. 
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1. Introduction - the project: 
The project proposes the novel use of enzymes combined with ionic liquids (IL) for the removal of 
proteinaceous material from documented reconstructions of painted or gilded surfaces. Here is presented the 
protocol established for monitoring the cleaning effectiveness. 
In the formulations proposed the enzyme is the active cleaning agent and the ionic liquid is an alternate 
enzyme solvent and carrier of the catalyzed products. 
Ionic liquids are called design solvents  because, by changing cation-anion combinations [1], they can be 
adjusted to specific situations or requirements, such as biocompatibility, improvement of enzyme cleaning 
effectiveness and surface 
pressure IL are considered potentially green solvents  [2], this makes them not volatile solvents therefore, easier 
to control the possible impact on the environment, and safer for the conservator. This is an unstudied area in 
conservation science with a large number of possibilities. 
The ILs were chosen in accordance with relevant literature, for example the works of Moniruzzamana [3 , 
Moon [4  and Park [5]; and availability, and narrow down to two possibilities after pre-cleaning tests done before 
the actual cleaning trials. These tests were carried out on proteinaceous varnishes prepared as single layer 
surfaces on glass slides, these results helped also to establish concentrations, cleaning protocol and expected 
effectiveness.  
Documented reconstructions were prepared using traditional painting techniques [6, 7] on wood and canvas 
with oil and tempera binders mixed with of iron oxides pigments (yellow ochre and red sinopia) and gilding 
technique [8]. Four proteinaceous varnishes were applied on these surfaces; they were prepared with egg white, 
isinglass, animal glue and casein respectively, according with traditional recipes [9, 10]. 
For the removal of the varnish layers, new formulations using a combination of an ionic liquid ([BMIM] [BF4] 
or [EMIM] [EtSO4]) and enzymes (three different proteases E.C.3.4. at pH of 5, 7 and 8.4) were applied to the 
surface following the basic enzyme cleaning protocol as described by Cremonesi [11  or Wolbers [12]: applied at 
37oC at different periods of time; according with pre-cleaning tests done for each protein material. After enough 
time (from 30 seconds to 30 minutes), to allow enzyme catalysis, the formulation is removed mechanically, along 
with the product of hydrolysis, with a dry cotton swab. The final clearance process, with successive cotton swabs 
with water and white spirits, was performed to remove all residues of varnish and cleaning material.  
  
Nomenclature 
IL  Ionic Liquid 
[BMIM] [BF4] 1-butyl-3- methylimidazolium tetrafluoroborate 
[EMIM] [EtSO4] 1-ethyl-3-methylimidazolium ethyl sulfate 
E.C.3.4.  Enzyme Classification, Hydrolases acting on peptide bonds 
SM  Stereomicroscope 
OM  Optical Microscopy  
AFM  Atomic Force Microscopy 
SEM  Scanning Electron Microscopy 
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1.1. Establishing the analytical protocol. 
To monitor and assess effectiveness of the treatment an analytical protocol was established and used before 
and after the removal of the protein-based varnish. This protocol is based on the complementary use of different 
microscopy techniques, non invasive and with little or no sample preparation. The comparison of the images 
before and after treatment of the same surface allowed us to characterize the surface, but also, gather information 
about cleaning effectiveness, possible residues, and other features in useful time. 
This is a multi-scale protocol with some of the more common techniques from the stereomicroscope (SM) at 
10x magnifications, then the optical microscope (OM) and scanning electron microscope (SEM) on uncoated 
samples allowing good resolution imaging up to 3000x magnification. The atomic force microscopy (AFM) was 
also introduced, a topographic imaging technique, at an image size of 5 microns. For the AFM other images were 
also obtained, aside for the height variation/topographic image, namely the amplitude image which registered the 
tip changes, and phase image, for the tip interaction with the surface.  
The atomic force microscopy is a nano-scale technique designed to measure the topography of a non 
conductive sample. Some work has been done with this technique for cultural heritage purpose; to name only 
two, relevant works one of Doménech-Carbó [14] which makes reference to the use of AFM as a tool for material 
characterization, and other of de Sá on ageing and cleaning effects on the surface of cultural objects [15]. The 
purpose of the present paper is to show the usefulness of the systematic use of the AFM when studying cultural 
objects surfaces; and establish it as powerful complementary technique to other more conventional imaging 
techniques [16]. 
The basic AFM measurements are qualitative as they render three dimensional images of the scanned surfaces 
allowing us to have a clear view of its topography. But AFM also can offer some scale and spatial metrology of 
the surface features at a nano scale. 
 
1.2. Instrumental assets. 
An Olympus stereomicroscope system SZX12, mounted on an extendable arm SZ-STU2 with a digital camera 
DP-12 and an independent light source HighLight 3100 was used to record the sample areas at 10x, 32x and 90x 
magnifications. Then, Axioplan Zeiss 2 imaging binocular microscope (at 50x, 100x and 200x), with both visible 
(dark field) and fluorescent radiation, coupled to a Nikon DXM1200F digital camera was used to image the 
surfaces, before and after the removal of the varnish layers. The blocks of filters used for observing the 
fluorescence were: BP 300-400, FT 395 and LP 420 (filter 8); BP 450-490, FT 510 and LP 515 (filter 6).  
Scanning Electron Microscopy: An Auriga CrossBeam Workstation (SEM-FIB) was used without coating of 
the sample, operating at 1-5 kV, with a typical working distance (WD) 4.5-9.6 mm, aperture size 30Rm, 
magnifications: from 200x up to 3000x. Coupled an oxford EDS instrument detector x-act sensor 51-1385-016 
with high resolution (at 5KeV).  
Atomic Force Microscopy: A MFP-3D Asylum instrument was used at non-contact imaging mode (AC mode) 
using Si probes Tap300Al from Budge 2 and the resolution 512 by 512 lines. 
The images are shown in a gray scale, where brighter areas represent higher areas. Measurements of surface 
roughness (R), as the average value of  three scanned areas, were obtained with Igor Pro 6.2 Software. 
 
2. Results and discussion: 
For each sample a set of images was acquired, this gave us a surface characterization for each paint/gilding 
material and artistic technique. Although repeated patterns were observed these results are to be understood as 
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patterns of these samples and not standards of a specific artistic technique. This is because the surface pattern 
varies according with the material used, the application method, type of brush, number of layers; and for some 
materials even the temperature at the time of application can be an important factor, but also the material and 
shape of the layers beneath. Unvarnished samples were prepared to be used as reference of after cleaning 
surfaces. 
2.1. Surface characterization  Qualitative information. 
Figure 1 shows an example of a set of images obtained by various microscopic techniques for a sample of 
tempera painting with isinglass varnish, in this case, before the cleaning treatment. 
From this set of images we can extensively characterize this tempera painting surface. The SM registers the 
surface close to the human eye perception (figures 1a, b), this is important especially for documentation purposes 
of the surface before treatment. Both SM and OM characterized the surface in terms of color (hue and tone  
figures 1a-c). The OM goes further registering the general appearance of the varnish layer, aspects such as, 
glossiness and transparency or smoothness; also size and color of the pigment grains. Surface defects, such as 
gaps or fissures, can become apparent at this scale. Some OM images were obtained with an ultraviolet (UV) 
light source which added information when fluorescence occurred. Here as an overall blue appearance (figure 1d) 
characteristic of the protein material of the isinglass varnish [16]. 
 
 
Fig. 1. Multiscale images of a tempera painting sample with isinglass varnish, obtained by SM (a, b); 
OM with visible light (c) and UV light (d); SEM (e, f) and 2D and 3D rendering of the AFM image (g-i). 
In this case, SEM and AFM, figures 1e,f and figures 1g-i respectively, gave similar information of the 
granular aspect of the surface with the advantage of AFM being able to measure at atmosphere pressure, which 
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allows scanning more fragile surfaces. The granular aspect of these images demonstrates that the varnish layer 
does not cover the surface in a uniform manner.  The varnish fills the deepest areas leaving almost uncovered the 
most prominent features. The Phase image shows that the interaction of the tip does not follow completely the 
topography indicating differences or in the material present or in the molecular arrangement of the same material 
(more or less crystalline, here possibly related to the layer thickness). 
 
2.2. Surface characterization  Quantitative information. 
At least three AFM images were obtained for each sample in order to have statistical probability of the surface 
features. Roughness measurements (R) were done for each surface as we can see in Table 1.  
Table. 1. Roughness values of the studied samples and reference (unvarnished) samples. 
Standard unvarnished surfaces Surface roughness  (R) Dispersion  (%) 
Canvas Tempera  59.42  2.76  
Oil  61.20  14.49  
Wood Oil  73.91  7.55  
Gold Gilding  11.31  2.26  
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Varnished surfaces    
Tempera + Egg White  6.57  3.04  
Tempera + Isinglass  39.93  6.06  
Oil + Egg White  2.37  9.05  
Oil + Isinglass  34.84  7.08  
Oil + Casein  4.54  6.59  
Gold Gilding + Animal Glue  14.68  0.83  
 
The comparison with the reference unvarnished samples allows to establish the alteration introduced by the 
varnish layer on the surface. For example, all the surfaces except the gilded ones, show lower roughness values 
after varnishing. This can be easily related with the change in the optical properties, as the varnish smoothes the 
surface, changing the refractive index and increasing specular reflection. 
The gilded surfaces are the exception, and this is related with the purpose of the varnish. The animal glue is 
applied in order to lower the glossiness, which can be corroborated with the AFM measurements, showing in turn 
an increase on the surface roughness (table 1).  
 
            
Fig. 2. 2D and 3D rendering of the AFM topographic image and the profile graphic obtained at the level showed by the red lines respectively. 
(a) Measurements of particle size of pigments on an egg tempera unvarnished sample; (b) Layer height of a egg white varnish measured on a 
gap area; (c) Measurements of crystals size of foreign material present on the surface after cleaning. 
It is also possible to obtain profile graphics from the AFM images (figure 2). These are useful for measuring 
surface features length such as particle size of pigments (figure 2a). In figure 2b we can measure the height of the 
varnish layer in a gap area, and some information can be gathered in relation to the presence of residues as 
showed in figure 2c, the polyedric structures observed suggests the formation of crystals on the surface. 
2.3. Cleaning effectiveness assessment. 
Cleaning effectiveness assessment was done by cross-correlation of each analytical technique used in this 
study, by comparing the before treatment with the after treatment images and also with the images of reference 
unvarnished samples. 
The interpretation of data for the successful cleaning is simple and immediate: images after treatment should 
be similar to the reference unvarnished samples. Figure 3a shows a tempera painting sample after treatment with 
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[EMIM][EtSO4] and the alkaline enzyme for the removal of egg white varnish. In this case the three AFM images 
helped to establish that this as a successful cleaning as the surface features repeat themselves and are similar to 
the unvarnished reference sample (figure 3b).  
 
 
     
Fig. 3. 2D and 3D rendering of the AFM image set of topography, amplitude and phase (a) Tempera painting sample after cleaning; 
(b) Unvarnished reference sample of tempera painting. 
 
Figure 4 shows the surface of a gilded sample before and after treatment for the removal of animal glue 
coating. The OM image obtained under UV light source show total loss in fluorescence after treatment, 
ascertaining the absence of proteinaceous material (figure 4b), as the gold leaf has no fluorescence under UV 
light. Therefore it can be assessed that the cleaning treatment was effective, figure 4a. However, the topographic 
image obtained with AFM shows surface degradation and the presence of grooves; suggesting the effect of 
scratching left by the cotton swabs, maybe because of excessive pressure when cleaning. 
 
     
Fig. 4. 3D rendering of the AFM topographic image and OM with visible light and UV light, images set of animal glue 
coating from a gilded surface sample (a) Before cleaning (b) After cleaning.  
2.4. Assessing residues  Varnish. 
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When assessing effectiveness of the cleaning protocol, one of the important parameters to be studied was the
presence or absence of varnish residues after cleaning.
      
Fig. 5. 2D and 3D rendering of the AFM images and OM with visible light and UV light, images set after removal of isinglass varnish
(a-e) Oil painting sample (f-j) Tempera painting sample.
The figure 5 shows two samples cleaned with the same formulation: the alkaline enzyme with IL [BMIM][BF4]
for the removal of isinglass varnish; second sample, figure 5f-j of a tempera painting and second sample figure
5a-e of an oil painting. The presence of varnish residues was detected by the different imaging techniques used.
The image obtained with the OM, under UV for the second sample (figure 5d), made possible to registered
protein residue as it gives a different fluorescence effect on the surface. But the same was not observed on the 
correspondent image of the other sample in figure 5b. But, at a smaller scale, for both samples, AFM registered
the residue as flat plates, in different sizes, between crests. In the AFM phase image (figure 5g), a different 
interaction of the tip with the surface is observed resulting in areas with higher contrast. The white areas are
similar in texture to the surrounding material: an explanation can be that, there is a change in the nature of the
material present. Correlating with the other images it is possible to conclude that in fact the white areas are
varnish residue.
2.5. Assessing residues Ionic liquid.
Another important aspect in evaluating the cleaning effectiveness is the ionic liquid residue. A small set of the
tempera painting samples cleaned with [BMIM][BF4] shows polyhedric crystals on the surface, visualized with
both SEM and AFM techniques (figure 6a, b). These structures were not found before cleaning in any of the
studied samples; therefore the presence of these structures is the result of the cleaning treatment, as residues of
material left during treatment, most probably residues of the IL. All the materials used on the samples are of 
organic nature therefore little compositional information can be obtained with SEM. But, for the [BMIM] [BF4] 
the Fluorine from the anion can be detected by Energy-dispersive X-ray spectroscopy with the low intensities
used (F k ) with the uncoated samples Figure 6a shows the elemental mapping of Fluorine on the 
surface as green spots, identifying the observed crystal as being in fact IL crystals. Because this only happened in 
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a set of 4 samples, all done at the same time, and because this was not observed on other samples where the same 
IL was used, we concluded that this was a flaw in the cleaning protocol and attention should be paid especially to 
the clearance steps. 
 
     
Fig. 6. Tempera painting sample after removal of egg white varnish with cleaning formulation: [BMIM][BF4] and acidic enzyme (a) 
Elemental mapping with SEM, (b) 2D and 3D rendering of the AFM image set. 
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3. Conclusions: 
The AFM used in cross-correlation with the other imaging microscopic techniques is useful for surface 
characterization, assessing treatment effectiveness and presence of residues in a qualitative and quantitative 
approach.  
 The information retrieved with the different techniques allowed a multi-scale surface characterization of 
documented reconstructions of painted and gilded composites of cultural heritage objects.  
 Not only qualitative information was obtained by AFM but also quantitative, when measuring surface 
roughness and sections profiles using specific software. 
 Going to a nano-scale with the use of AFM proved to be of major importance to achieve a further level of 
information on the studied surfaces; at the same time the conclusions were easily extrapolated to a larger scale. 
 An important advantage of the analytical techniques used resides in the real time monitoring of the cleaning 
process, which allows information available for possible necessary adjustments. 
 
4. Further studies: 
AFM can be further applied as a routine analytical tool in conservation studies. This will allow the 
construction of databases of scientific data from real and reference samples of different materials and techniques, 
for better understanding patterns and behaviors of artistic surfaces in the conservation and restoration practice. 
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